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ABSTRACT 

An AS-503 24-mass l o n g i t u d i n a l  model was used  t o  
examine t h e  e f f e c t  o f  changes i n  pay load  and S-IC p r o p e l l a n t  
we igh t s  on l o n g i t u d i n a l  mode shapes  and f r e q u e n c i e s  a t  a 
f l i g h t  t i m e  o f  Tt120 seconds .  

It was found t h a t  changes i n  pay load  weight  cou ld  
n o t i c e a b l y  i n f l u e n c e  t h e  S-IC e n g i n e  g imbal  a c c e l e r a t i o n  
r e s p o n s e  i n  t h e  f i r s t  and second modes. Fo r  example,  a 
+lo% i n c r e a s e  i n  SM weight  d e c r e a s e s  t h e  e n g i n e  g imba l  ac- 
c e l e r a t i o n  by  2 .  4% a t  t h e  f i r s t  mode n a t u r a l  f r equency  and 
i n c r e a s e s  i t  b y  2 . 9 %  a t  t h e  second mode n a t u r a l  f r equency .  
Changes i n  payload. weight  w i l l  make a s i g n i f i c a n t  change 
i n  t h e  payload  r e s p o n s e  i n  t h e  t h i r d  and f o u r t h  body modes. 
Only minor changes w i l l  occur  i n  t h e  l o n g i t u d i n a l  f re-  
q u e n c i e s  due t o  changes i n  payload  we igh t .  
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MEMORANDUM FOR FILE 

I N T R O D U C T I O N  

The MSFC 24-mass l o n g i t u d i n a l  model o f  t h e  AS-503 
s t r u c t u r e  has  been used  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  changes 
i n  pay load  and S-IC p r o p e l l a n t  w e i g h t s  on t h e  l o n g i t u d i n a l  
mode shapes  and f r e q u e n c i e s .  The 24-mass model was used  
r a t h e r  t h a n  a more complex one such  as t h e  Boeing model 
i n  o r d e r  to r educe  computer t ime.  I n  e s t a b l i s h i n g  a base- 
l i n e  f o r  t h e  p a r a m e t r i c  s tudy ,  t h e  Boeing and 24-mass 
model r e s u l t s  were compared and t h e  24-mass model mod i f i ed  
t o  f o r c e  g rea t e r  agreement w i t h  t h e  Boeing r e s u l t s ,  p a r t i c -  
c l a r l y  f o r  pay load  c r i t i c a l  h i g h e r  modes. The 24-mass 
model, a l o n g  w i t h  t h e  method of  s o l u t i o n  and comparison w i t h  
t h e  more complex Boeing model r e s u l t s ,  i s  g iven  i n  Appendix 
A .  

PARAMETRIC VARIATIONS 

P a r a m e t r i c  v a r i a t i o n s  were per formed f o r  a t i m e  
o f  f l i g h t  of  T+120 seconds  and are g i v e n  i n  T a b l e  I .  

TABLE I 

Mass Number 
( F i g u r e  1 A )  I t e m  

Maximum 
V a r i a t i o n  ( % I  

3 9 4  SM +10 
6 LM +10 

18,19 S-IC P r o p e l l a n t  +5 

N e w  mode shapes and  f r e q u e n c i e s  were c a l c u l a t e d  
f o r  each  v a r i a t i o n .  Because t h e  r e s p o n s e  v a r i e s  w i d e l y  
f rom mode t o  mode, a comparison on ly  of t h e  changes i n  t h e  
mode shape  would b e  mis l ead ing .  For  comparison p u r p o s e s ,  
t h e  t o t a l  r e s p o n s e  due t o  t h e  r i g i d  body p l u s  f i rs t  f o u r  
modes was c a l c u l a t e d  ove r  the  f r equency  range  of  3 .9  t o  
9 . 9  cps  by :  
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.. 4 
xi = c 'fgn h:n(g) S2 

2 ( S 2  + 2 5  n n  w s + on)  

where: .. 
Xi = a c c e l e r a t i o n  a t  p o i n t  of i n t e r e s t  i n  g ' s / l b  

f o r c e  a t  S-IC e n g i n e  g i m b a l  b l o c k  r e f e r e n c e  

n = mode number 

h = modal c o o r d i n a t e  a t  g imbal  f o r  n t h  mode - gn 
= modal c o o r d i n a t e  at  p o i n t  o f  i n t e r e s t  f o r  

n t h  mode - 
M = 1 lb-sec'/in ( a l l  mode shapes  no rma l i zed  t o  eqn t h i s  v a l u e  o f  e q u i v a l e n t  mass)* 

g = g r a v i t a t i o n  c o n s t a n t  

s = j  0 
o = n a t u r a l  f requency  of  n t h  mode 

5, = damping r a t i o  (cl = .008, c 2  = . O O g ,  c 3  = .Ol3 
n - 

and c 4  = .014) 

ACCELERATIONS 

A c c e l e r a t i o n  ve r sus  f r equency  p l o t s  were made f o r  
t h r e e  p o i n t s  of i n t e r e s t  ( % I C  eng ine  g imbal ,  LM, and C M )  and are 
shown b y  F i g u r e s  1 t o  3. The a c c e l e r a t i o n  r e s p o n s e  shown a t  
each  f requency  i s  t h e  summation o f  t h e  c o n t r i b u t i o n  from t h e  
r i g i d  body p l u s  each  of  t h e  f i r s t  f o u r  modes. 

The b a s e l i n e  a c c e l e r a t i o n  v a l u e s  and p e r c e n t a g e  
change a t  t h e  f r e q u e n c i e s  of each  of  t h e  f i r s t  f o u r  modes 
are summarized i n  Tab le  11; the  f o l l o w i n g  g e n e r a l  s t a t e m e n t s  
can  b e  made: 

a. An i n c r e a s e  i n  t h e  SM o r  LM weight d e c r e a s e s  t h e  
r e sponse  at  t h e  S-IC e n g i n e  g imba l  i n  t h e  f i rs t  
mode, i n c r e a s e s  i t  i n  t h e  second mode, and makes 
l i t t l e  d i f f e r e n c e  i n  t h e  t h i r d  and f o u r t h  modes. 

*Mode shapes have been normal ized  t o  t h e  same e q u i v a l e n t  
mass t o  pe rmi t  a d i r e c t  comparison. Norma l i za t ion  t o  maxi- 
mum ampl i tude  i s  sometimes used,  b u t  does n o t  g i v e  a d i r e c t  
comparison o f  r e s p o n s e .  
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RESPONSE AT BASELINE AC- 
NATURAL FRE- CELERATION 
QUENCY OF: VALUE ( g ' S / L B  

AT GIMBAL 

TABLE I 1  

% CHANGE I N  BASELINE VALUE FOR: 

+ l o %  SM WT + l o %  LM WT +5% s - I C  
PROP. 

T+120 SECONDS 

2 .41X10-5  

1 . 9 5 X 1 0 - 6  

1. 5 6 X 1 0 - 6  

1 . 8 8 Z 1 0 - 5  

-2.4 - 7 . 1  -0 97 
+2 .9  + 8 . 2  - 8 . 2  

+0.6 +1.4 - 4 . 3  

+0.2 +O .8 - 3 . 9  

1ST MODE 

2ND MODE 

3RD MODE 

4TH MODE 

1ST MODE 

2ND MODE 

3RD MODE 

4TH MODE 

I GIMBAL ACCELERATION 

LM ACCELERATION 

I I 

9 . 2 9 X 1 0 - 5  -1.3 +3 .0  - 1 . 8  

6 . 4 3 X 1 0 - 5  -1 .2  + 8 . 1  -2 .0  

1 .28X10m6 +425  + 1 6 0  - 1 0 . 4  

1 . 9  2X10m6 +195 - 1 5 5  - 0 . 8  

CM ACCELERATION 

7.24X1(1-~ 

3 .  7 6 X 1 f 5  

6 .  8 2 X 1 0 - 6  

3.  7 5 X 1 f 7  

-- - 2 . 5  -1 .5  

+0.4 +3 .0  -1.1 

- 1 2 . 5  + 1 3 0  -2 .7  

- 9  . o  + 0 . 8  -1.1 

1ST MODE 

2 N D  MODE 

3RD MODE 

4TH MODE 
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b. Smal l  LM o r  SM weight changes can make a large 
p e r c e n t a g e  change i n  t h e  LM and CM r e s p o n s e  i n  t h e  
t h i r d  and f o u r t h  modes. However, it i s  n o t e d  that  
t h e  r e s p o n s e  i n  t h e s e  two modes i s  one t o  two 
o r d e r s  o f  magnitude l ess  t h a n  a t  t h e  f i r s t  and 
second mode f r e q u e n c i e s .  

c.  An i n c r e a s e  i n  S-IC p r o p e l l a n t  weight d e c r e a s e s  
t h e  r e s p o n s e  i n  a l l  o f  t h e  f irst  f o u r  modes, b o t h  
a t  t h e  pay load  and S-IC eng ine  gimbal .  

I n  comparing t h e  Boeing AS-502 mode shapes t o  t h o s e  
f o r  t h e  AS-503 manned c o n f i g u r a t i o n  (AS-503 O p e r a t i o n a l  
S t r u c t u r a l  Dynamics C h a r a c t e r i s t i c s ,  dated J u l y  1 7 ,  1968)  
a t  T+120 seconds  a t r e n d  was obse rved  s imilar  t o  t h a t  n o t e d  
i n  comment "a" above. I n  t h a t  case, t h e  AS-503 (manned) 
first mode g a i n  f a c t o r "  i s  24% l e s s  t h a n  f o r  AS-502 and t h e  
second mode g a i n  f a c t o r  39% greater .  I n  e f f e c t ,  t h e  re- 
sponse  has been s h i f t e d  from t h e  f i r s t  t o  t h e  second mode. 

FREQUENCIES 

The f r e q u e n c i e s  of t h e  f i rs t  f o u r  modes are g i v e n  
i n  T a b l e  I11 f o r  b o t h  t h e  b a s e l i n e  and weight  v a r i a t i o n s .  
Trends are obse rved  as f o l l o w s :  

a. I n c r e a s e d  weight g ives  d e c r e a s e d  f r e q u e n c i e s ,  b u t  
w i t h  l i t t l e  change i n  t h e  f i r s t  and second modes. 

b .  A LM weight  change makes t h e  greatest  change i n  
t h e  t h i r d  mode, which i s  p r i m a r i l y  one o f  LM 
r e s p o n s e .  

c .  A SM weight change makes t h e  greatest  change i n  
t h e  f o u r t h  mode, which i s  p r i m a r i l y  one o f  pay load  
r e s p o n s e .  

TABLE I11 

FREQUENCY RESPONSE (CPS) 
(T+120 SECONDS) 

MODE BASELINE + l o %  SM WT. + l o %  LM WT. +5% s-IC 
PROP. 

1st Mode 5 .31  
2nd Mode 6.40 
3 r d  Mode 8.06 
4 t h  Mode 9.50 

5.29 
6.40 
8.06 
9 . 4 1  

5.26 
6 - 3 7  
7.83 
9 .48  

5.29 
6.39 
8.06 
9 - 5 0  

*gain factor = (hgn)  (bin), w i t h  symbols as p r e v i o u s l y  d e f i n e d .  
M 

eqn 



BELLCOMM, INC. 

C O N C L U S I O N S  

- 4 -  

It i s  concluded t h a t :  

a. 

b .  

C .  

Cont rary  t o  p o p u l a r  b e l i e f ,  changes i n  payload  
weight  can make a s i g n i f i c a n t  change i n  t o t a l  
v e h i c l e  l o n g i t u d i n a l  r e sponse  i n  t h e  f i r s t  and 
second body modes. 

Changes i n  pay load  weight can make a s i g n i f i c a n t  
change i n  t h e  payload r e sponse  i n  t h e  t h i r d  and 
f o u r t h  body modes. 

Only minor changes w i l l  o c c u r  i n  t h e  l o n g i t u -  
d i n a l  f r e q u e n c i e s  due t o  changes i n  pay load  
weight.  

2033-HES-mch 

Attachments 

H .  E .  S t e p h a s  



I 
NOTES: 

2.414 

2.398 

lASELl NE 

40% LM WT. 
t5% S- IC  PROP.) 

I .  883 BASEL I NE 

I .  949 BASEL I NE 

I .  565 BASEL I NE 

4 t h  MODE 
(s/c MODE) 

I .  REVISED 24 MASS MODEL 
2. R I G I D  BODY PLUS F I R S T  

FOUR MODES. 

I I 1 I 1 
~~ 

5 6 7 8 9 I O  
lo-' 

4 
FREQ. (CPS) 

FIGURE 1 - EFFECT OF WEIGHT VARIATIONS ON GIMBAL LONGITUDINAL 
ACCELERATION RESPONSE T t 120 SECONDS 
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FIGURE 2 - EFFECT OF WEIGHT VARIATIONS ON LM LONGITUDINAL 
ACCELERATION RESPONSE T + I20 SECONDS 
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7 .243 BASEL I NE 

4 m[7-240 7.058 /+IO% +IO% LM SM W.  WT.1 
7.133 +5% S - I C  PROP.) 

A 

3.759 BASELl NE 
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3.651 I +5% S-IC PROP.) 

S: 

REVISED 29 MASS MODEL 
R I G I D  BODY PLUS FIRST 
FOUR MODES. 
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FIGURE 3 - EFFECT OF WEIGHT VARIATIONS ON CM LONGITUDINAL 
ACCELERATION RESPONSE T t 120 SECONDS 
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APPENDIX A 

AS-503 (Manned) 

24-MASS STRUCTURAL MODEL 

I N T R O D U C T I O N  

A 24-mass l o n g i t u d i n a l  model of  AS-503, as shown by 
F i g u r e  l A ,  was o b t a i n e d  from MSFC. 
S-IC p r o p e l l a n t  used w i t h  t h e  model are g iven  i n  Table  I A .  
T h i s  model i n c o r p o r a t e s  t ime  va ry ing  s p r i n g  c o n s t a n t s ,  which 
i n c l u d e  bo th  t a n k  bot tom response and t a n k  wall  bu lge ,  
c u l a t e  t h e  c .g .  motion o f  t h e  S- IC  p r o p e l l a n t .  These t i m e  
v a r y i n g  s p r i n g  c o n s t a n t s  a r e  given i n  T a b l e  I I A .  

The t i m e  v a r y i n g  we igh t s  of  

t o  c a l -  

METHOD OF SOLUTION 

T h i s  s i m p l i f i e d  model was p l a c e d  i n  o p e r a t i o n  t o  do 
a p a r a m e t r i c  s t u d y  on t h e  e f f e c t  o f  payload  and f u e l  l o a d  
v a r i a t i o n s  on l o n g i t u d i n a l  f r e q u e n c i e s  and mode s h a p e s .  
S o l u t i o n s  f o r  t h e  f r e q u e n c i e s  and mode shapes  were o b t a i n e d  
as fo l lows* :  

a. Problem formated as:  

Symmetric 

The mode shape c o o r d i n a t e  h i s  r e l a t e d  t o  x as:  

h = M-l12x 

b .  A n o n - i t e r a t i v e  method was used  t o  s o l v e  f o r  t h e  
e i g e n v a l u e s  and e i g e n v e c t o r s  as f o l l o w s  : 

1. The symmetric ma t r ix  was t r ans fo rmed  t o  a 
t r i d i a g o n a l  one by Householder ’s  method. 

2 .  The e i g e n v a l u e s  of t h e  t r i d i a g o n a l  ma t r ix  were 
o b t a i n e d  by Sturm sequences .  

* A l l  computer programming was performed by F .  Brewer o f  
Department 1032, Bellcomm. 

**Credi t  f o r  t h i s  format  i s  a l s o  t o  F. Brewer. 



- T i m e  (Seconds)  

0 
1 0  
20 
30 
40 
50 
60 
70 
80 
90 

1 0 0  
1 1 0  
1 2 0  
1 3 0  
140 
149 

TABLE 1 A  

AS-503 S-IC PROPELLANT WEIGHT (LBS) 

M18 
s-IC LOX 

3,023,212 
2,817,841 
2,614,030 
2,409,769 
2,205;022 
1,999,702 

1,587,705 
1,380,610 

1,793,899 

1,172,436 
-963j230 
753,099 
542,028 
329,686 
134 ;319 

2,736 

Ml9 
S-IC F u e l  

1,319,307 
1,227,373 
1,139,122 
1,050,793 

962,395 
873,920 
785,360 
696,723 
607,918 
518,918 
429,728 
340,348 
250,781 
160,983 

78,141 
15,563 

TABLE 1 1 A  

AS-503 S-IC TANK BOTTOM STIFFNESS 

T i m e  ( Seconds ) KLOX (K17) KFuel  (K18) 
0 

1 0  
20 
60 
90 

100  
1 1 0  
1 2 0  
130 
140 
149 

4 . 2 0  
4.60 
5.20 

14.60 
19.40 

1 0 0 . 0 0  
1 0 0 . 0 0  
1 0 0 . 0 0  
100.00 
100.00 

8.30 

6.70 
7 - 3 0  

13.80 
20.60 

100 .00  
100 .00  
1 0 0 . 0 0  
100.00 
100.00 
100. 

8.00 

Note:  

S t i f f n e s s  i n  ( l b s / i n c h  x ) 
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3. The e i g e n v e c t o r s  o f  t h e  t r i d i a g o n a l  m a t r i x  
were o b t a i n e d  b y  Wi lk inson ' s  method. 

c.  E i g e n v e c t o r s  were normal ized  t o  a n  e q u i v a l e n t  mass 
o f  1 lb - sec* / in .  

MODEL COMPARISON AND REVISION 

F requenc ie s  and mode shapes o b t a i n e d  were compared 
w i t h  t h o s e  o f  "AS-503 O p e r a t i o n a l  S t r u c t u r a l  Dynamic Char- 
a c t e r i s t i c s "  dated J u l y  1 5 ,  1968, by t h e  Boeing Company. 
(Two t i m e  p o i n t s  were used  f o r  comparison, T+OO and T+120 
s e c o n d s . )  Obse rva t ions  were:  

a. 3 r d  Body Mode. T h i s  mode i s  p r i m a r i l y  one of  LM 
motion and i t s  frequency remains c o n s t a n t  a t  8 .09 
cps  throughout  S-IC boos t  i n  t h e  Boeing s t u d y .  
The f requency  o f  t h i s  mode was c o n s t a n t  a t  8 .45  cps 
i n  t h e  2 4  mass-model r e s u l t s .  

b .  4 th  Body Mode. T h i s  mode i s  p r i m a r i l y  one o f  motion 
o f  t h e  payload  and i t s  f requency  remains c o n s t a n t  
a t  9.57- cps  throughout  S-IC b o o s t  i n  t h e  Boeing 
s t u d y .  The frequency of  t h i s  mode was c o n s t a n t  at  
8 .38  cps  i n  t h e  24-mass m o d e l - r e s u l t s ,  o r  less 
t h a n  t h a t  of  t h e  3 r d  body mode. 

Because t h e  major  d i f f e r e n c e s  were i n  t h e  3 r d  and 
4 t h  body modes, t h e  s p r i n g  c o n s t a n t s  connec t ing  t h e  payload  
masses were examined t o  de te rmine  t h e  f e a s i b i l i t y  o f  f o r c i n g  
t h e  3 rd  and 4 t h  body modes o f  t h e  24-mass model i n t o  agree- 
ment w i t h  t h o s e  of  t h e  Boeing s t u d y .  T h i s  was done as 
f o l l o w s  : 

a. Reference t i m e :  T+120 seconds  

b .  Boeing v e c t o r  c o o r d i n a t e s  co r re spond ing  t o  t h e  24-mass 
model mass l o c a t i o n s  and f r e q u e n c i e s  were used  i n  t h e  
24-mass model t o  c a l c u l a t e  new K's. 

Changes i n  K's (see F i g u r e  1 A )  were as f o l l o w s :  
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TABLE I I A  

K Number 
( F i g u r e s  1 A )  O l d  Value Revised Value 

1 0.865 x 10-61b/in 1 . 0  x 10-61b/in 
2 1 . 4 2  1.6 
3 2 .20  2 . 5  
4 1 .15 1.1 
5 0.23 0 .20  

6 3 .9  4 .5  

Comparative p l o t s  o f  t h e  f i r s t  t a n k  and f i rs t  f o u r  
body modes a t  T+OO and t h e  f i r s t  f o u r  modes a t  T+120 seconds  
are g iven  by F i g u r e s  2 A  th rough 1 0 A .  The r e v i s i o n s  o f  t h e  
24-mass model accomplished t h e  f o l l o w i n g :  

a. 

b .  

C .  

d.  

e .  

S h i f t e d  t h e  3 rd  body mode f requency  from 8.45 t o  
8 .06  cps (8 .09 Boeing) .  

S h i f t e d  t h e  4 t h  body mode f requency  from 8.38 t o  
9 .50  cps (9 .57  Boeing) . 
Brought t h e  LM response  i n  t h e  3rd  body mode i n  
agreement w i t h  Boeing r e s u l t s .  

Brought t h e  s p a c e c r a f t  r e sponse  i n  t h e  4 th  body 
mode i n  agreement w i t h  Boeing r e s u l t s  and improved 
c o r r e l a t i o n  o f  launch v e h i c l e  c o o r d i n a t e s .  

Made minor improvement i n  c o r r e l a t i o n s  o f  t h e  f i r s t  
and second body modes. 

CONCLUSIONS 

It i s  concluded t h a t  t h e  r e v i s e d  24-mass model pro-  
v i d e s  an adequa te  b a s e l i n e  f o r  t h e  p a r a m e t r i c  s t u d i e s .  There 
h a s  been much d i s c u s s i o n  concern ing  t h e  u s e  o f  t h e  24-mass 
model r e s u l t s  f o r  s t a b i l i t y  s t u d i e s .  From F i g u r e s  7 A  and 
8 A ,  i t  can be s e e n  t h a t  t h e  24-mass  model p r e d i c t s  h i g h e r  
modal c o o r d i n a t e s  i n  t h e  c r i t i c a l  f i rs t  and second modes t h a n  
does  t h e  more complex Boeing model. Hence, u s e  o f  t h e  Boeing 
mode shapes  Awill p r e d i c t  s m a l l e r  g a i n  f a c t o r s  and g r e a t e r  
s t a b i l i t y  margins t h a n  would u s e  of t h e  24-mass model mode 
shapes .  
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O V E R A L L  S T R U C T U R A L  MODES 
BOEING AS-503 
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FIGURE 2A - AS0503 LONGITUDINAL MODE SHAPE F I R S T  TANK MODE AT T + 00 



OVERALL STRUCTURAL MODES 
BOEl NG AS-503 
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FIGURE 3A - AS-503 LONGITUDINAL MODE SHAPE F I R S T  BODY MODE AT T + OO 



O V E R A L L  S T R U C T U R A L  MODES 
BOE I NG AS-503 
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FIGURE UA - AS-503 LONGITUDINAL MObE SHAPE SECOND BODY MODE AT' T t 00 , 



OVERALL STRUCTURAL MODES 
BOEING AS-503 
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FIGURE 5A - AS-503 LONGITUDINAL MODE SHAPE THIRD BODY MODE AT T + 00 ' 



OVERALL STRUCTURAL MODES 
BOEING AS-503 
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FIGURE 6A - AS-503 LONGITUDINAL MODE SHAPE FOURTH BODY MODE AT T + 00 



OVERALL STRUCTURAL MODES 
BOE 1 NG AS-503 NORMAL I ZED TO 1 Meqn = I (LB-SEC2/ IN)  
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FIGURE 7A AS-503 LONGITUDINAL MODE SHAPE F I R S T  BODY MODE A T ,  T t 120 



O V E R A L L  S T R U C T U R A L  MODES 
BOE I NG AS-503 
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FIGURE 8A - AS-503 LONGITUDINAL MODE SHAPE SECOND BODY MODE AT T + 120 
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O V E R A L L  S T R U C T U R A L  MODES 
BOEING AS-503 NORMAL1 ZED TO 
24 MASS 1 Meqn = I ( LB-SEC2t I N )  ----- 

POINT MASS UISPLACEMENTS 

BOEING a =  8.09 CPS 
X LM 
0 TANK BOTTOMS 

' \  \ 

I 

FIGURE 9A - AS-503 LONGITUDINAL MODE SHAPE THIRD BODY MODE AT T + 120 



O V E R A L L  S T R U C T U R A L  MODES 
BOEING AS-503 
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FIGURE IOA - AS-503 LONGITUDINAL MODE SHAPE FOURTH BODY MODE AT T + 120 
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